Historic coastal structures have played a key role in small-to medium-size ports, being the driving force for the local development of coastal communities. Because coastal managers require reliable risk-based analysis of the whole life cycle of these coastal structures, previous lifetimes should be studied. This is a differentiating factor with respect to the newly built breakwaters. For this reason, in this work, a methodology for assessing how the hydraulic performance of an expired lifetime has evolved over the years is presented. It is performed following a probabilistic approach due to the uncertainty related to both the involved variables (wave climate, geometrical and structural breakwater variables) and the hydraulic response of the structure. The first ones are characterized by reliable probability distribution functions. The second ones are characterized by reliable formulae for the analysis of the hydraulic response. However, their non-conventional designs located in shallow-water locations require sitedependent formulae. To overcome this problem, a novel methodology to apply CFD numerical models is presented. Finally, it is integrated in a highresolution time-dependent probabilistic methodology
Introduction
Over centuries, humans have built coastal structures to develop activities such as international trade or to fish safely and efficiently [1] . Moreover, some of these ancient coastal structures, which can be classified as historic coastal structures, are still sheltering harbour basins. This is noticeable in small-to medium-size ports such as marinas or fishing ports. Therefore, coastal managers and policy makers need to have reliable methodologies to assess the hydraulic performance of historic coastal structures in order to preserve their economical and heritage value. In contrast to new-built coastal structures, several lifetimes (time interval during the service life of a coastal structure design) make up their life cycle (time interval during the inter-related lifetimes and which includes all the upgrades). For this reason, previous lifetimes should be studied in order to analyse their whole life cycle.
It is well known that the analysis of coastal structures is subject to different sources of uncertainty such as those regarding the met-ocean conditions, the geometrical/structural properties and the hydraulic behaviour characterization [2] . For these reasons, lifetime analysis of coastal structures should be based on the probability theory. In this regard, risk-based design methods stand out as a powerful tool during the design/planning phases, especially in the last decade. Applying computational methods for structural reliability (i.e. first/second-order reliability (FORM/SORM) or Monte Carlo simulation methods), it is possible to characterize the hydraulic performance along the structure's lifetime by modelling the future hydraulic performance in a statistical way [3] . In addition, these techniques make it possible to optimize the breakwater design [4] , compare project alternatives in economic terms [5, 6] or include the expected climate change effects [7] . However, there is a lack of research assessing the past hydraulic performance based on the risk framework. To the authors' knowledge, there are no studies quantifying the evolution of the past hydraulic response of coastal structures in the same terms as the works described above. A proper assessment is needed for historic coastal structures as explained above.
In relation to the particular features of historic coastal structures, they consist mainly of non-conventional designs located in shallow-water locations where the nonlinear effects are remarkable [8] . This implies that the hydraulic behaviour can be erroneously characterized by the state-of-the-art semi-empirical formulae, and therefore its lifetime analysis is performed unreliably. To overcome this problem, specific laboratory tests or numerical models are likely to be the only way to characterize their hydraulic response. Although the first ones allow us to replicate the hydraulic performance under controlled conditions, conducting laboratory tests requires that testing facilities and funds are available. Consequently, in recent years, numerical models have undergone an important development. They enable us to properly reproduce the wave interaction with coastal structures in a more cost-effective manner considering nonlinear wave-structure interaction in an accurate way (i.e. [9] ).
The above shows the two main problems related to the analysis of historic coastal structures: the omission of the analysis of past lifetimes with influence on the whole life cycle and the complex hydraulic performance characterization. For these reasons, this contribution first aims to provide a high-resolution probabilistic hydraulic performance assessment methodology for historic coastal structures in order to quantify how previous lifetimes have been evolving over time. Secondly, it is carried out using advanced and fully-validated numerical models to reduce the uncertainties related to the hydraulic response characterization. It is intended to contribute to assessing the hydraulic performance of historic coastal structures based on the risk framework.
Although it is applied to the lifetime of the coastal structure, it can be extended to the whole life cycle. The fishing port of Luarca (Spain) as a representative historic coastal structure is described in §2. Then, the proposed high-resolution time-dependent probabilistic methodology is explained in §3, which is applied to a layout configuration of the above-mentioned fishing port in §4. Finally, some conclusions are presented in §5.
The fishing port of Luarca (Spain): the Canouco breakwater
Among the main historic coastal structures, it is worth highlighting fishing ports which are characterized for being the driving force for the local development of the coastal communities. The port of Luarca (Spain) can be considered as a representative example. It is located in the northwest coast of Spain, on the Asturian coast of the Cantabrian Sea (figure 1a).
The first data about the port of Luarca go back to the tenth century to create a harbour protected area. However, it was not until the twentieth century that the outer breakwaters were built. Firstly, in the 1910s, the Easter breakwater (known as Canouco Breakwater, figure 1 ) was built at 40 m in length to shelter the outer harbour basin. Because the port still did not operate properly, in the 1940s a new breakwater (known as Encoronada Breakwater, figure 1 ) was built at 124 m in length on the western side. Besides, the above-mentioned Canouco Breakwater was also extended by 80 m in order to reduce the port agitation. As can be noted, the Canouco Breakwater plays an important role in both sheltering the harbour area and reducing port agitation.
The Canouco Breakwater cross-section, built in the 1940s, consisted of a non-conventional vertical wall typology with a low crested elevation (figure 2). It had an impermeable core constructed using hydraulic concrete in bags and a cyclopean concrete crown wall. This means that no uplift pressures were present at the core-wall contact and there was a high friction coefficient between the non-porous media and the monolithic element. Hence, the breakwater is resting over a rocky seabed. In the 1990s, the last upgrade of the Canouco Breakwater took place. It consisted of the elevation of the breakwater crest and the extension of the head. In addition, it was protected using 44 t cubic concrete blocks, so that the upgraded cross-section corresponds to that of a rubble-mound breakwater (figure 3).
As can be seen in figures 2 and 3, the breakwater is located in shallow water. As explained in the section above, this type of coastal structure is usually subjected to depth-limited wave conditions. For that reason, the wave climate at the toe of the structure is affected by shoaling, refraction-diffraction, depth-induced wave-breaking and wave energy transfer to wave lowfrequencies. Wave storminess conditions and a macromareal tidal range are present at the toe of the structure (the 90th percentile of the significant wave height is 2.55 m, the 90th percentile of the peak wave period is 13.9 s and the highest difference between high tide and low tide is 4.79 m).
In short, the main breakwater has consisted of two cross-sections during the time period that this port became one of the most important fishing ports in northern Spain. Because the first one, shown in figure 2 , has reached the end of its lifetime, in this work we propose to analyse how its hydraulic performance has evolved over the years.
Methodology
The proposed methodology aims to obtain a high-resolution time-dependent past hydraulic performance assessment of a historic coastal structure taking into account two important features: (1) they have a non-conventional typology and (2) they used to be located in shallow water areas where the nonlinear wave transformation processes are very relevant to the hydraulic response of the breakwater. This methodology addresses the capability of the breakwater, which is called hydraulic performance, to deal with an excess of wave overtopping without structural consequences and forces loading the front face of the crown-wall. The final goal is to reproduce its expired lifetime in order to quantify how its serviceability and stability have been evolving over time in a context of uncertainty, with the aim of providing stakeholders and coastal managers with a useful tool to take action to ensure heritage survivability. As shown in figure 4 , the methodology is organized into four main steps and is explained in detail below. (a) Breakwater system characterization The first step is to define the historic coastal structure, which can be represented as a structural system of components. A structural system S is a complex network composed of elements that interact with each other and which can either fail or operate. In the particular case of historic coastal structure systems, their components can be, for example, non-conventional crown-walls. Moreover, these can go out of service due to m reasons which are the so-called failure modes. A failure mode is a mechanism that causes the disruption of the normal use of the structure or the collapse of the entire system or a component. It means that a failure mode can be assigned Figure 4 . Proposed methodology to obtain a high-resolution probabilistic assessment of the lifetime of a historic coastal structure.
to the serviceability (non-fulfillment of the design operating requirements) and ultimate (nonfulfillment of the design safety requirements) limit states [10, 11] , referred to as SLS and ULS, respectively. Then, all its failure modes and the interactions with each other are identified by means of a fault tree, which is a hierarchical graphical representation of the above-mentioned failure mechanisms [2, 6] . In short, the system S is analysed by the hydraulic behaviour of P failure modes. Each of them is characterized by a L m hydraulic response formula which depends on X m variables. It is considered that the m failure mechanism occurs when it exceeds a value of u m . Then, the limitstate equation g m (X m ) of each failure mode can be expressed as follows: Regarding the interactions between the P failure modes, coastal structures are generally divided into two system types. The first one (series system) indicates that the system S fails if any m failure mode exceeds its u m threshold value. By contrast, the second one (parallel system) fails only if all the failure modes exceed their threshold values.
(b) Involved variables characterization
The second step is to characterize the past wave climate and the geometrical and structural parameters of the breakwater. The goal is to obtain a reliable statistical characterization of all the involved X m variables related to all the analysed P failure modes. Consequently, these must be characterized based on the probability theory.
Concerning met-ocean conditions, in contrast with risk-based design methods which require the simulation of wave-driven events based on a reliable wave climate characterization (i.e. [12, 13] ), waves and sea-level conditions over the past lifetime do not need to be simulated synthetically. Because the lifetime assessment of a historic coastal structure in a realistic statistical way requires a long continuous time-series of met-ocean conditions, hindcast databases are the best tool to describe the past wave climate. However, the propagation of hindcast databases to shallow-water areas may have significant uncertainties. Firstly, there is the uncertainty related to the ability of the nearshore numerical databases [14] to reproduce the past waves and sea-level conditions. Secondly, there is the uncertainty related to the wave models for propagating wave parameters from coastal scales to depth-limited areas. For these reasons, a probabilistic calibration method using instrumental or satellite data should be applied to the long-term wave climate at the nearshore position. Then, an appropriate model for solving the shallow water hydrodynamics processes should be used.
In relation to the geometrical and structural variables of the breakwater (i.e. seaward slope or mass density of the crown-wall), an adequate statistical characterization is also needed due to the fact that limit state equations are also influenced by the uncertainties related to the resistance variables. Generally, complex analyses are not possible due to the lack of data and statistics of these variables. Although it could be improved by taking samples of the structural elements of the analysed historic breakwater, this is out of the scope of most works. For these reasons, the geometrical and structural parameters are usually defined by a normal distribution N ∼ (μ x , σ x = μ x × CV x ) and are assumed to remain constant throughout the whole lifetime.
(c) Hydraulic behaviour characterization
The third step is characterizing the hydraulic response of the historic coastal structure by means of the L m formulae.
In the field of port engineering, three different approaches are used to assess the m failure mechanisms of coastal structures: state-of-the-art semi-empirical formulae, specific laboratory tests and numerical models. The first ones are based on ease-of-use formulae which establish an analytical relationship between the X m wave and the breakwater geometry variables. These empirical formulae are based on theoretical models relating these parameters by fitting the results obtained from laboratory tests. However, as explained above, these types of coastal structures are usually characterized by their non-conventional typology designs and their nearshore region location. This implies that the hydraulic performance assessment may not be adequately simulated by the state-of-the-art formulae. Consequently, both specific physical model tests and numerical modelling are the most reliable hydraulic behaviour characterization methods. Although laboratory tests allow us to model complex boundary conditions, physical processes and wave-structure interaction in a more realistic way, the latest fully validated numerical models provide a cost-effective way to obtain adequate results. For these reasons, this work proposes a methodology for the uncertainty reduction in the high-resolution assessment of the lifetime of a historic breakwater by using an advanced numerical model. Although some failure modes can only be analysed using other approaches (i.e. hydraulic stability of the main armour layer), this contribution intends to enhance the role of computational fluid dynamics (CFD) models in this type of analysis.
As is known, CFD models are demanding both in terms of computing power and simulation time. Because high-resolution probabilistic methodologies are based on the simulation of thousands of realizations, for example through the Monte Carlo technique, the implementation of these numerical models must necessarily be accompanied by a highly efficient procedure such as data-mining algorithms [15] . The aim is to apply the numerical model to build a catalogue with a limited number of real N cases, which allow the results to be properly inferred in all other potential disruptive cases (sea-states which may trigger the failure of the system). empirical-numerical formulae are tailor-made for the analysed breakwater by combining both the results obtained numerically and well-established theoretical models. These are used in the next step to simulate how the hydraulic performance has evolved over the expired lifetime as a function of time.
(d) High-resolution time-dependent analysis
The fourth step is to carry out a probabilistic methodology for quantifying the hydraulic performance of a past lifetime in a context of uncertainty. Besides, we propose analysing its past lifetime using a time-dependent approach in order to capture the variability of all the involved variables and their temporal evolution. This allows us to know when disruptive events are more likely to occur.
According to the breakwater system characterization §3a, the goal is to model the lifetime performance evolution of each m failure mode and of the system S as a whole. This means that the previous limit-state equations must be extended to the time domain.
Therefore, the failure probability P f ,m of each failure mode along the time period [0, Z] can be obtained as the probability of the limit-state equation being less than or equal to 0 for any t ∈ [0, Z] (equation (3.2)). The failure probabilities can be expressed as the integral of the joint probability density function f X m over the failure region
By extension, the failure of the analysed system S depends on the relationship between its failure modes. If the breakwater is analysed as a series system, the failure occurs if any of the m failure modes fails. In this case, the failure probability P f ,s of the breakwater over the time period [0, Z] can be expressed as shown in equation (3.3) . By contrast, if the breakwater is analysed as a parallel system the failure probability can be calculated following the equation (3.4):
As can be noted, the previous failure probabilities can generally not be solved analytically. To overcome this problem, there are two approaches as explained in §1: semi-analytical methods (i.e. FORM and SORM methods) and numerical simulation (Monte Carlo method). In this work, we have proposed to obtain reliable statistical characterizations of all the X m involved variables (Step 2 §3b) and L m site-dependent hydraulic performance formulae (Step 3 §3c), therefore, it can be evaluated by means of the Monte Carlo simulation method. It is based on the simulation of a large number of realizations (synthetic lifetimes of the analysed system) in order to approximate numerically the value of the previous failure probabilities (equations (3.5)).
# realizations : ∃t ∈ 0, T with failure # realizations
The results from this time-dependent probabilistic analysis allow for constraining failure modes to be identified and for the planning of specific action-oriented measures against the failure of the historic coastal structure, such as the optimal time for upgrading the breakwater. 
Case study: application to Luarca Breakwater
The proposed methodology is applied here to reproduce the hydraulic performance of the Canouco Breakwater (fishing port of Luarca (Spain)) shown in figure 2, as a representative design which has completed its lifetime. Because of its small scale, it can be analysed as a single stretch which is characterized by a cross-section.
(a) Definition of the Canouco Breakwater cross-section
As explained in §2, the failure modes related to the analysed cross-section of this historic coastal structure can be split into two levels of damage: ULS and SLS [16] . Regarding the ULS, the instability of the superstructure has been identified as the only failure mode which could cause the structural damage of the breakwater since geotechnical failure modes and failures inherent to the structure itself are not studied (see §2, structure and sub-structure description). It is analysed by means of the sliding of the crown-wall failure mode based on the crown-wall weight and a high-roughness friction coefficient between the crown wall and the core material. The overturning failure mode has been discarded because of the geometrical breakwater characteristics. Besides, as explained in [17] , the sliding of the monolithic element should occur prior to the overturning in depth-limited locations. By contrast, an excess of wave overtopping over the breakwater crest might cause serviceability damage. This has been analysed by two failure modes (excess of mean overtopping discharge and excess of maximum overtopping volume) taking into account that the outer harbour basin can accommodate large fishing boats entering the harbour area. Further, it is considered that these failure mechanisms are related to each other in terms of a series system (figure 5). Analysing the hydraulic behaviour for each of these three failure modes requires the definition of their limit-state equations (equations (4.1)-(4.3)). Firstly, the three thresholds u must be defined. The sliding threshold is calculated as the frictional force which opposes the horizontal wave loads. The overtopping thresholds are fixed following [18] and the protection of the fishing boats entering the port (boats set 5-10 m from wall). Secondly, the involved variables X must be identified. In relation to the wave climate at the toe of the structure, the failure of the breakwater depends on the still water level above the zero datum (SWL); the spectral significant wave height (H m0 ); the spectral wave period Tm −1,0 and the zero up-crossing mean wave period (Tz). Concerning the resistance variables, the mass density of the crown-wall (ρ cw ); the cross-sectional area of the crown-wall (Area cw ); the friction coefficient between the crown-wall and the core material (δ cw−core ); the height of the crown-wall (h wall ); the crest elevation of the breakwater and the seaward slope (tan α) are the breakwater parameters with an influence on the failure of the breakwater. This is summarized in table 1. Likewise, the new site-dependent empirical-numerical formulae relating to these three failure modes are obtained in §4c.
(b) Data collection and statistical characterization of the involved variables
In this work, the DOW (Downscaled Ocean Waves, [19] ) high-spatial resolution database ( x = 0.005 • and y = 0.004 • ) is used to define the wave conditions at the studied location (see DOW point in figure 6 ). The still water-level (SWL) gathers the contribution of the sum of the deterministic component (the astronomical tide, AT), the stochastic component (the storm surge, SS) and the mean sea level long-term variability. The AT is obtained from the harmonic constituents using altimetry satellite data and the SS from the GOS (Global Ocean Surge, [20] ) high-resolution hindcast. Because their temporal coverage spans 1948-2014 with hourly time resolution, almost the entire lifetime of the breakwater can be analysed. Uncertainty characterization related to the hindcast met-ocean databases is carried out by comparing these with the deep-water instrumental data recorded in the port of Gijón, which is located 70 km to the East (figure 1). Because the port of Gijón is one of the most important ports in Spain, long time series of measured wave and sea-level variables are available. Therefore, the calibration parameters (equations (4.4) and (4.5)) to be applied at the study location are obtained taking as a reference the results provided by these numerical databases at the instrumental locations following the calibration method proposed by Mínguez et al. [21] . This provides the statistical characterization of the calibration parameters based on the minimization of the sum of the squared differences between the instrumental data and the hindcast data (see [21] for more details), characterizing the uncertainty related to the wave climate. As can be noted, this procedure is applied to the most relevant variables with an impact on the hydraulic performance of the breakwater. A directional calibration is applied to the spectral significant wave height allowing different uncertainties depending on the wave direction (estimating the calibration parameters each θ = 22.5 • ) and a non-directional calibration to the still water level. Then, waves are propagated from the DOW point to the toe of the structure using the IH2VOF numerical model described in §4c and following the procedure for simulating wave conditions explained in §4d.
The geometrical and structural data of the studied breakwater are shown in table 2. These parameters are characterized taking as reference previous works [10, 22] and the construction year since there is no detailed information on the construction process. In this regard, it is important to highlight that the proposed uncertainty values for analysed cross-section are three times larger than the ones used in the upgraded breakwater. This is due to the improvement of the construction methods, structural materials and construction equipment. (c) Hydraulic behaviour characterization for the three failure modes
The hydraulic behaviour for each of the three failure modes is characterized by using the IH2VOF numerical model [9, 23] . Because it has been extensively validated for wave-structure interaction in conventional and non-conventional coastal structure typologies [24] [25] [26] and for solving the surf zone hydrodynamics [27] [28] [29] , it is suitable for assessing the hydraulic performance of the analysed breakwater located in shallow-water conditions. The model solves the 2DV Reynolds Average Navier-Stokes (RANS) equations and uses the Volume of Fluid Method (VOF) to capture the free surface. Turbulence is modelled using a κ − equation model.
In relation to the numerical set-up, the 2DV profile is defined based on the incident wave ray (figure 6) in which the generation boundary is not depth limited to adequately solve the wave propagation processes (including the wave breaking and the infragravity bounded wave release) within the numerical domain. Due to the relative shallow water depth, the incoming waves start breaking far from the toe of the structure, i.e.: O(600-700 m). For this reason, a 880 m long and 37 m high numerical domain has been developed to allow the IH2VOF model to reproduce wave breaking and nonlinear wave transformation including infragravity bounded wave release as shown in [29] (figure 7). Moreover, a high-resolution mesh has been defined with the aim of reducing the uncertainties due to the breaking processes involved in the surf zone. Note that the grid dimensions are kept constant along the different simulations, which are fixed based on the case with the lowest wave height. The discretization varies from minimum size at the inlet boundary (DOW point) to maximum refinement around the breakwater section as shown in figure 7 . Furthermore, wave generation and active absorption are defined at the inlet boundary while active absorption is used at the outlet of numerical domain. Although the model can deal with breakwater porous armour layers, the analysed cross-section is modelled considering elements as impervious attending to the real characteristics of the historic breakwater (figure 2). Each numerical simulation has been executed on a desktop computer with Intel(R) Core(TM) 4.00 GHz processors with 32 GB RAM, with an average computational cost of 5-15 days per case.
(i) Catalogue of potential disruptive events
The N potential disruptive events are defined as the reduced data subset which properly represent the wave climate diversity at the DOW point location which may trigger a failure mode.
In this regard, a potential disruptive event could induce horizontal forces on the crown wall or overtop the breakwater crest. For these reasons, these are identified as the met-ocean conditions (significant wave height Hs, peak wave period Tp and SWL) at the DOW point location which their related forcing wave parameters at the toe of the structure may cause (1) (equation (4.6)). In this first iteration, the mean overtopping discharge and the horizontal forces on the crown-wall are obtained based on the wave parameters provided by the DOW database at the toe of the structure location. It is intended only to ensure that non-disruptive events are numerically simulated. Then, these R potential disruptive events at the toe gauge are identified at the DOW point location (grey dots in figure 8 ) belonging to the M total database (black dots in figure 8 ).
Next, the N representative events of the R data subset are obtained using the Maximum Dissimilarity (Max-Diss) selection algorithm. As explained in detail in [15] , the subset selected by this algorithm reproduces quite suitably the whole range of the analysed sample. In relation to the optimal number of N representative cases as a result of the Max-Diss selection method on the subset R, it is a compromise between the computational cost and the statistical characterization. For these reasons, in this work we propose to obtain a catalogue of N = 20 representative cases. This is illustrated in figure 8 , in which the Max-Diss selection is represented by stars.
(ii) Numerical simulation
Because the aim is to obtain new empirical-numerical formulae for the previously defined three failure modes, wave climate parameters at the toe of the structure position are also required. Then, the wave climate at this point must take into account the wave propagation and transformation processes from the nearshore location. To overcome this problem, the numerical simulations of the obtained catalogue are performed with and without structure (20 + 20 numerical simulations; table 3). Therefore, each of the 20 real sea-states (and equal time-series generated using a Jonswap spectrum, peak enhancement factor γ = 3.3) of 3600 s have been numerically simulated twice at prototype scale according to the hourly temporal resolution provided by the DOW database. In Table 3 . Simulations performed in order to obtain the wave conditions at the toe of the structure and the hydraulic performance for the studied cross-section. this regard, uncertainty related to the spectral shape has not been considered. Besides, the method used to generate the time-series ensures that the maximum wave height is equal to 1.8 times the spectral significant wave height. Furthermore, the crest amplitude of this maximum wave is always higher than the trough amplitude. From the numerical configuration with structure analysis, the hydraulic performance is assessed using the overtopping gauge (figure 7a). By contrast, the wave climate parameters at the toe location are measured without the structure configuration by the toe gauge (figure 7b). These results are used to downscale the wave conditions from the DOW point to the toe gauge efficiently (statistically) and taking into account the infragravity bounded wave release, following the method proposed by Camus et al. [14] . The numerical results are shown in table 4 . In addition to the non-conventional design, an important low-frequency wave transformation is observed as a result of wave breaking processes. It is represented in table 4, in which the cases marked with an asterisk indicates that the long waves determine the wave spectrum at the toe of the structure (following the criterion proposed by EurOtop [18] ). Table 4 . Numerical simulation results of the Max-Diss selection. {Hs, Tp, SWL} are the wave input parameters at the DOW point location. {H m0 , Tm −1,0 , ξ −1,0 , Tz} are the measured wave parameters at the toe of the structure location (numerical simulations without structure). {q, Ru max , P ov , V max , F H } are the assessed hydraulic performance parameters (numerical simulations with structure). The cases marked with single asterisk (*) indicate infragravity waves-dominated regimen and the cases marked with double asterisks (**) indicate that Ru max < Rc. Maximum horizontal forces prediction model. The maximum horizontal forces in a sea-state, F H , are modelled following equation (4.7) . This model depends on the frontal height of the impact zone and the wave impact pressure, and it is valid for waves loading the crown-wall as broken waves [30, 31] . Because of the low-crested elevation, it can be assumed to be suitable that the effective height of the impact zone is equal to h wall . This means that the proposed model is valid only for waves inducing overtopping (Ru max greater or equal to Rc).
The horizontal wave impact pressure is a function of the maximum water thickness over the seaward edge of the monolithic element (see attached scheme in figure 9 ). As can be observed, it can be expressed as the difference between the maximum run-up level Ru max and the freeboard of the bottom edge of the concrete element Rc. Note in table 4 that due to the macro-tidal regime in the area, SWL at the breakwater toe varies in the 20 simulation cases. The dimensionally homogeneous equation with one empirical-numerical coefficient (a f ) is fitted and characterized by a normal probability distribution function (table 5 and figure 9 ). As can be noted, the horizontal forces are made higher by increasing the water column on the breakwater crest. Besides, the proposed broken wave conditions model is in good agreement with the numerical results. Although a power fitting could improve the quality of the results, it has been discarded to avoid a dimensionally non-homogeneous equation.
Regarding the maximum run-up level in a sea-state, we propose that it be modelled by means of the well-known relationship between the Iribarren number ξ −1,0 and the spectral significant wave height at the toe of the structure (table 5) .
Mean wave overtopping discharge prediction model. The mean overtopping discharge in a seastate, q, is evaluated by means of the model shown in equation (4.8) following the work presented by Van der Meer & Bruce [32] and including the Iribarren number ξ −1,0 . As explained above, gravity and infragravity waves dominated regimes can be present at the toe of the structure, highly influencing the wave overtopping regime [33] . As can be observed in figure 10 , there are two clear overtopping trends corresponding to the observed gravity and infragravity wave regimes. In this regard, higher overtopping rates are obtained in the infragravity wave regime for the same wave conditions. Because the wave overtopping discharge is heavily influenced by the wave regime and the transition from short-to long-waves regime is controlled by the Iribarren number ξ −1,0 , we propose including this parameter in the mathematical proposed model. It is intended to model properly low freeboards and both short-and long-waves conditions [34] .
The fitting procedure starts by obtaining the optimal shape parameter c q and then the remaining parameters a q and b q [32] . Similarly, the horizontal forces prediction model, the parameters a q and b q are characterized assuming normal distribution (table 5 ). In the case of the analysed cross-section, the proposed model is shown in figure 11 in which it is proven that this model is in good agreement with both regimes of wave overtopping. It results in a clear trend for modelling overtopping rates in both wave regimes.
Maximum wave overtopping volume prediction model. The maximum wave overtopping volume in a sea state, V max , is modelled following the procedure for wave overtopping volumes proposed by EurOtop [18] . As can be seen in equation (4.9) , the maximum individual wave volume results from the relationship between the mean wave overtopping volume (q T z /P ov ) and the number of overtopping waves (N ov ). Therefore, characterizing the hydraulic behaviour of the studied cross-section to the maximum wave volumes requires fitting a v and b v coefficients. An extended analytical method for calculating both parameters can be found in [35] , although in this work both coefficients are fitted based on the numerical results following a similar procedure as the one described for the previous prediction hydraulic performance models.
In addition, the wave overtopping probability P ov also needs to be fitted. Because the maximum overtopping volume depends on the maximum water thickness over the crest, in a similar way to the maximum horizontal forces, it can be modelled by assuming a Rayleigh distribution of the run-up heights [18] . Following the relationship proposed by EurOtop [18] and adapting it to the Ru max . (instead of using the 2% run-up level), the parameter a P ov is fitted following the equation ( Considering all of the above physical processes and their physical-based statistical formulae, the new empirical-numerical model for maximum wave overtopping volumes is shown in figure 12 . The maximum wave overtopping volumes are made higher by increasing the mean wave overtopping volumes and the number of overtopping waves. The results are dimensionally homogeneous and accurately characterize the largest maximum wave volumes in a sea-state.
(d) Monte Carlo simulation
The probabilistic assessment of the hydraulic performance is carried out by simulating 10 000 realizations of its lifetime (from 1948 to 1993 at hourly time-scale). The applied Monte Carlo procedure consists of the following stages:
(I) Simulation of the geometrical and structural properties for each realization: following the statistical characterization proposed in Figure 13 . Time-dependent analysis of the maximum horizontal forces F H (t), the mean wave overtopping discharge q(t) and the maximum overtopping volume V max (t).
following equations (4.4) and (4.5). By contrast, the remaining wave parameters are the same as those of the hindcast database (without uncertainty) as explained in §4b. (III) Time-dependent hydraulic performance assessment: based on the new empiricalnumerical formulae developed at §4c; the maximum horizontal forces (L sliding ), the mean wave overtopping discharges (L ov.Discharge ) and the maximum wave volumes (L ov.Volume ) in each sea-state are simulated at hourly time-scale within each realization. Then, the time-dependent analysis over the time period [0, Z] is performed by obtaining the maximum value of each of the three hydraulic behaviour models at any t ∈ [0, Z] (figure 13).
As can be seen in figure 13 , all the analysed failure modes are mainly restricted by a disruptive event that took place during the first 5-10 years. As can be noted, the temporal evolution of all the analysed failure modes is characterized with a good uncertainty level. In this regard, the coefficients of variation for each failure mode obtained at the end of its lifetime are CV FH = 0.28, CV q = 0.34 CV V max = 0.38. These values are in good agreement with those obtained for conventional breakwaters using state-of-the-art semi-empirical formulae.
Finally, the evolution of the failure probabilities for each of the three failure modes in time are obtained following equation (3.2) and the defined limit-state equations ( §4a). Similarly, the development over time of the failure probability of the system P f ,s can be evaluated taking into account that the failure modes are connected in such a way that the failure of a single component results in system failure. This is shown in figure 14 and in table 6. Because the highest failure probabilities correspond to the SLS failure modes, these are the constraining failure mechanisms of the breakwater. Likewise, a low probability of sliding the crown-wall is obtained. Evolution of the failure probability in time for each analysed failure mode (P f ,sliding , P f ,ov.discharge and P f ,ov.volume ) and for the whole system (P f ,s ). Table 6 . Failure probabilities at the end of its lifetime for each analysed failure mode (P f ,sliding , P f ,ov.discharge and P f ,ov.volume ) and for the whole system (P f ,s ). that the failure of the breakwater is due to SLS design requirements not being fulfilled. In contrast to deterministic design methods, the proposed methodology allows us to obtain both the failure probability of the breakwater and of each of its elements. The failure probabilities previously calculated allow to verify the design in accordance with its design requirements. In this regard, the Spanish recommendation for maritime works [11] defines the maximum allowed limits in accordance with the type of sheltered area (in the analysed breakwater these are P f ,ULS = 0.10 and P f ,SLS = 0.10). This means that the breakwater meets the safety requirements but not the serviceability requirements throughout its lifetime. It is proven that the proposed methodology is suitable for port management. In this regard, it can be inferred that the upgrade of the breakwater was due to the non-fulfillment of the design operating requirements. It implies that the analysed layout had a serviceability problem due to its lowcrested design and the wave and the sea-level conditions at the toe of the structure. Otherwise, the hydraulic stability was nearly ensured by the highly stable cross section.
Concluding remarks
In accordance with the features of historic coastal structures and the current risk frameworks explained, this contribution aims to improve the state of the art in relation to the high-resolution hydraulic performance assessment of heritage coastal structures taking the best from the advanced CFD numerical models and the latest probabilistic methods. It has been proven that the proposed methodology takes into account the non-conventional breakwater design of these coastal structures, their usual shallow water locations and the context of uncertainty.
With regard to the uncertainty-management, the most relevant sources of uncertainty have been identified. Because the involved variables in the past hydraulic behaviour assessment have relevant variability at different time and spatial scales, it has been shown how an adequate hydraulic performance assessment requires them to be characterized in a realistic statistical way. Although other sources of uncertainty (such as the three-dimensional wave interaction with the coastal structures) may have an important effect, these have been discarded due to their high computational cost. In relation to the wave climate parameters with an influence on the hydraulic performance, although works such as [36, 37] have proven that the wave overtopping a breakwater is highly influenced by the sequence of individual waves or the wave groupiness, there are no statistical works analysing these time-domain parameters. Besides, most of the preexisting functionality works are based on long-term wave parameters (e.g. [18] ) at the toe of the structure. For theses reasons, uncertainties related to the short-term wave climate are not taken into account in this work. However, the flexibility of this methodology allows for future developments related to the statistical characterization of the long-term and short-term sea-state parameters (such the consideration of the peak enhancement factor as a stochastic variable or the uncertainty related to the simulated time-series) to be introduced in future works.
In regards to the hydraulic behaviour characterization, there are no reliable state-of-the-art formulae which take into account the complex configurations of these coastal structures and their depth-limited wave conditions. For these reasons, new location-based empirical-numerical formulae based on the governing physical processes are required. Hence, the fitting coefficients of these new formulae must be characterized by their probability density functions for modelling the whole range of hydraulic behaviours.
In regards to the probabilistic methodology, it has been presented as the most suitable method to include different combinations of the involved loading and resistance variables. This timedependent method allows us to identify when harmful consequences are more likely. Based on this work, future works could analyse the optimum time in which repair or upgrading works should be done. The site-dependent numerical formulae allow us to reduce uncertainties related to the hydraulic behaviour characterization. These could be applied to perform a probabilistic hydraulic assessment of future wave climate scenarios. In this regard, this analysis should be accompanied by a reliable simulation of wave-driven events. This procedure, together with a probabilistic cost assessment, could be of great benefit to the port authorities and stakeholders.
It can be concluded that this work presents a robust and flexible methodology for analysing past hydraulic performance of heritage coastal structures taking into account the stochastic behaviour of all the involved variables, coastal and structural processes with a good uncertainty level.
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